■ Abstract Gas exchange, the primary function of the lung, can come about only with the application of physical forces on the macroscale and their transmission to the scale of small airway, small blood vessel, and alveolus, where they serve to distend and stabilize structures that would otherwise collapse. The pathway for force transmission then continues down to the level of cell, nucleus, and molecule; moreover, to lesser or greater degrees most cell types that are resident in the lung have the ability to generate contractile forces. At these smallest scales, physical forces serve to distend the cytoskeleton, drive cytoskeletal remodeling, expose cryptic binding domains, and ultimately modulate reaction rates and gene expression. Importantly, evidence has now accumulated suggesting that multiscale phenomena span these scales and govern integrative lung behavior.
INTRODUCTION
This review deals with mechanical stress in the lung at the levels of tissue, cell, and molecule. Our goal is to elucidate biophysical mechanisms that underlie mechanical function at each of these levels, the connections between levels, and their alterability in selective but biologically important departures from the normal state. There are many excellent reviews of lung mechanics on the macroscale (1, 2) and the microscale (3), but for the pulmonary cell biologist that literature may be to some extent unfamiliar, and many of its underlying concepts may not be readily accessible. More importantly, we know of no review that emphasizes the pathway for transmission of mechanical stresses from the pulmonary macroscale to the cell microenvironment, across the cell wall, through the cytoskeleton (CSK), and ultimately to the nucleus. This review is designed to fill that gap.
It is important to remember at the outset that the main function of the lung is gas exchange. For a long time biologists have sought to understand the pathway for oxygen delivery from the atmosphere, through the lung, across the air-blood Figure 1 To remain in mechanical equilibrium, the normal (perpendicular) stress acting upon an imaginary cut surface must equal the pleural pressure (Ppl). Because pleural pressure is usually negative, arrows depicting that stress are shown as exerting a distending stress upon the visceral pleura.
lung is distended by an inflating pressure 1 of approximately 2-5 cm H 2 O. That is, if the pressure at the airway opening, Pao, were atmospheric and the pressure in the pleural space, Ppl, were 5 cm H 2 O below atmospheric, then the inflating pressurealso called the transpulmonary pressure (P L )-would be 5 cm H 2 O; at total lung capacity (TLC) the inflating pressure is approximately 30 cm H 2 O. Because P L = Pao -Ppl, lung-inflating pressure depends upon this pressure difference rather than either Pao or Ppl individually; as far as lung inflation and tissue distension are concerned, it makes no difference whether Pao is increased or Ppl is decreased. For example, during a Valsalva maneuver, Pao, alveolar pressure (P A ), and Ppl can approach 200 cm H 2 O, whereas P L changes hardly at all, merely decreasing slightly secondary to the small decrease of lung volume attributable to alveolar gas compression.
What is the state of distending stress within lung parenchymal tissues? The answer to this question is complicated, but we can make extremely good estimates of the average value of that stress. If we ignore for the moment the effects of gravity (20, 21) , the lung is subjected on all of its outside surfaces to a pleural pressure that is roughly uniform (22) . We imagine a plane cutting through the lung at an arbitrary position and angle, and then ask, what is the state of stress that must be acting on that imaginary cut face for the cut lung segment to remain in mechanical equilibrium ( Figure 1) ? Below, we deal with local variations of 510 FREDBERG KAMM stress at a finer level of resolution, but here we seek only a coarse-grained average that blurs all microstructural detail. Newton's third law requires that if the lung segment in question is not accelerating, then the sum of all forces acting upon it must be zero. As a result, the average stress acting on the cut face must be exactly the pleural pressure, although over that cut face there may be systematic regional variations of stress near large intrapulmonary airways and blood vessels as well as the visceral pleura (23) (24) (25) (26) (27) (28) (29) (30) (31) . In this thought experiment, the position and orientation of the cutting plane are arbitrary, and as such, the average state of stress everywhere within the lung must be precisely the pleural pressure. Moreover, that the pleural pressure is usually negative implies a state of tension in the tissues. The parenchymal tissue network transmits this tension from the pleura into the lung tissue.
We next consider this lung parenchyma tissue network at the level of microstructure ( Figure 2 ). It is now well established that the parenchymal microstructure Figure 2 At the level of lung microstucture, alveolar geometry and elastic recoil are set by a balance of interfacial and tissue forces. In the absence of gas flow, gas pressures are everywhere equal, in which case we can set Pao = P A = 0. Although distending stresses are concentrated in and transmitted by discrete alveolar septa, these concentrated septal forces (indicated by arrows) can be summed over a parenchymal region encompassing many alveoli and divided by the total cross-sectional area, yielding a distending stress. From Figure 1 , this stress must be equal to Ppl. If the pressure on the inside of an airway or an alveolus is Pao and that on the outside is Ppl, then the transmural pressure for either structure is Pao-Ppl or simply P L , the transpulmonary pressure. Adapted from Reference 13.
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functions as a tension-supported lattice (10) (11) (12) (13) (14) . As described below, the key distending stress-the transpulmonary pressure-is transmitted throughout parenchymal tissues and distends all intrapulmonary structures. This distending stress originates largely in the mechanics of the alveolar surface film and confers most of the parenchymal shear stiffness and the associated forces that are critical in maintaining the shape and function of the organ, including each vessel, airway, and alveolus. At each of these levels this distending stress is essential to lung function; it is a primary determinant of lung stability, the distributions of perfusion and ventilation, ventilation-perfusion matching, airway obstruction, and expiratory flow limitation (32) (33) (34) (35) (36) (37) (38) (39) (40) (41) (42) (43) .
The central importance of the surface film and the distending stress in these processes are not in dispute, and as described below, the roles of physical forces at the cellular and subcellular level are now becoming well established. But before moving to the cellular level, we ask, what are the stresses that act to distend an alveolus, intrapulmonary airway, or intrapulmonary blood vessel?
The Special Role of Transpulmonary Pressure
Although there are systematic departures, as described below (23) (24) (25) (26) (27) (28) (29) , the effective stress acting on the outside of each of these structures is the same and approximately equal to the pleural pressure. As Ppl becomes more negative during the course of inspiration, the lung, the airway, the alveolus, and the vessel all experience an increase in distending stress. The effective stress acting on the inside of these structures is quite different, however. In the case of the blood vessel, the internal pressure is the local vascular pressure, Pv, and therefore the pressure difference distending the vessel wall, or the transmural pressure, is Pv-Ppl. During a normal lung inflation, pleural pressure becomes more negative, causing the lung to inflate, vascular transmural pressure to increase, and blood to accumulate in the thoracic cavity. Below we come to the issue of shear stresses acting on the endothelium owing to the flow of blood.
The transmural distending pressures of airways or alveoli are, respectively, Paw -Ppl and P A -Ppl, where Paw is the local gas pressure in the airway and P A the local gas pressure in the alveolus. If we limit attention to the case in which gas flow velocity is zero, such as at end-inspiration, end-expiration, or during a breath-hold, all gas in the lung will be at hydrostatic equilibrium and therefore the gas pressure will be everywhere equal and the same as the pressure at the airway opening, such that P A = Paw = Pao. In that case, the transmural pressure distending an airway or an alveolus will become approximately Pao -Ppl, which we recognize immediately as the transpulmonary pressure. Thus, the transpulmonary pressure is the pressure difference that acts to distend not only the organ but also the alveolus and the airway.
An important departure from this simple description arises because intraparenchymal vessels and airways have mechanical properties different from those of the parenchymal tissues in which they are embedded. In the vicinity of an airway or blood vessel, therefore, parenchymal distortions arise during the act of breathing, and the resulting stresses that act to distend these structures depart systematically from Ppl. This phenomenon is called elastic interdependence (10) , and its effects on the distensibility of airways and vessels have been investigated extensively (23) (24) (25) (26) (27) (28) (29) (44) (45) (46) .
STRESS INVARIANTS, LENGTH SCALES, AND TIMESCALES
Several characteristic scales for stress and time can be used to guide our thinking. Indeed, some of these seem to be invariants or regulated set points (Table 1) .
Transpulmonary Pressure
At the macro level, the total lung capacity (TLC) in the adult human is achieved when P L approaches 30 cm H 2 O. Interestingly, 0-30 cm H 2 O is the working range of transpulmonary pressures independent of lung size, body mass, or even lung development from neonate to adult (47) (48) (49) . Even more remarkably, in species spanning a wide range of body masses, the working range of transpulmonary pressure is always the same, from 0 to 30 cm H 2 O (50-52).
Interfacial and Tissue Elastic Stresses
Moving to a smaller length scale, we encounter the gas-liquid interface and interfacial forces. Most of the transpulmonary pressure is supported by alveolar surface tension; the balance is supported by lung tissue stresses (13, 30, 31, 53, 54) . Although the surface tension can be higher during film expansion and approach zero during film compression, across all species the equilibrium surface tension in the alveolus is close to 25 dynes cm −1 (54) . The law of Laplace states that the pressure difference acting across the gas-liquid interface is proportional to the surface tension and inversely proportional to the radius of curvature of the interface, and across species spanning three decades of body mass, M b , from bat (9, 55) . Therefore, if transpulmonary pressure and equilibrium surface tension are both invariant with body mass, then interfacial forces must play a relatively larger role in smaller species, and conversely (51).
Tissue Frictional Stresses and the Structural Damping Law
When they are deformed, lung tissues generate both elastic and frictional stresses. If tissue frictional stress is expressed as a tissue resistance, then lung resistance can be given as the sum of airway resistance and tissue resistance (56, 57) , and at frequencies corresponding to quiet tidal breathing, lung tissue resistance typically exceeds airway resistance (58) (59) (60) . This description is convenient and widely used, but to describe tissue friction as a flow resistance is to imply that there arises within lung tissues a stress analogous to that which results from the flow of a viscous fluid. The concept of a viscous stress as applied to lung tissue friction is now understood to be erroneous, however (61) . Bayliss & Robertson (62) and Hildebrandt (63) demonstrated that frictional stress in lung tissue is dependent upon the amount of expansion but not the rate of expansion, findings that are fundamentally incompatible with the notion that friction is caused by a tissue viscous stress. If not in a viscous stress, how then does tissue friction arise, and how is it properly described?
With different lung tissue compositions and various physiological circumstances, tissue elastic and tissue frictional stresses vary greatly, but the relationship between them turns out to be very nearly invariant; the frictional stress in lung tissues is almost invariably between 0.1 and 0.2 times the elastic stress, where this fraction is called the structural damping coefficient (61) . It is a simple phenomenological fact, therefore, that for each unit of peak elastic strain energy that is stored in lung tissue during a cyclic deformation, 10% to 20% of that elastic energy is taxed and lost irreversibly to friction. This fixed relationship holds at the level of the whole lung (60, 64) , isolated lung parenchymal tissue strips (65) , isolated smooth muscle strips (61, 66) , and even isolated living cells (67) (68) (69) . This close relationship between tissue frictional and elastic stresses is called the structural damping law (61, 63, 70, 71) or sometimes the constant phase model (64) . The structural damping law implies that frictional energy loss and elastic energy storage are tightly coupled. As described below (see The Molecular Basis for Lung Mechanics, below), the sawtooth length-extension curve of some proteins offers a clue, but the precise molecular origin of this phenomenon remains unknown (72) .
Endothelial Shear Stress and Murray's Law
The flow of blood in the pulmonary vascular tree exerts a shear stress upon the endothelial cell. The shear stress is proportional to the fluid viscosity and the shear rate, where the shear rate increases in rough proportion with blood velocity and in inverse proportion with vessel radius. At each bifurcation within a branching vascular network, the vessel radius tends to decrease slightly; this tendency might thus seem to favor an increased shear stress, but because blood flow is divided into two daughter vessels, the flow velocity deceases as well and thus would seem to favor a decreased shear stress. As described by Murray in 1926 (73) , as one proceeds along the vascular tree from larger to smaller vessels, which of these competing factors wins out and how wall shear stress varies with branching generation depend upon details of vessel geometry. Murray considered that issue as a question of biological design; he reasoned that increased vessel radius would favor decreased vascular resistance and thus reduced cardiac work required to pump blood, but increased vessel radius would also require more blood, more tissue mass, and associated metabolic energy costs for maintenance of these tissues. With those two energetic factors in mind, he then calculated the branching configuration that would minimize the rate of net energy utilization needed to support a given flow of blood. He showed that the rate of energy utilization is minimized when the cube of the parent vessel radius is equal to the sum of the cubes of the daughter radii. This result has come to be called Murray's law, and in his result Murray seems to have captured an integrative principle of biology, for not only the vascular tree but also water transport in plants seem to conform to Murray's law (74) .
How could this state of affairs come about? It is easy to show that Murray's law implies that the shear stress at the walls of the daughter vessels is equal to that in the parent. The shear stress would be roughly invariant throughout the vascular tree, therefore, because the effects of decreasing radius are just offset by those of decreasing velocity. Although systematic departures have been noted, it is usually a good first approximation that the wall shear stress anywhere in the vascular tree is the nearly the same and assumes a value on the order of 10 dynes cm −2 . It is now well established that shear flow over endothelial cells modulates release and/or activation of many mediators, growth factors, cytokines, and nuclear transcription factors (75) (76) (77) . The endothelium exhibits mechanosensation, therefore, capable of local regulation of a multitude of cellular functions including vascular remodeling. Later in this review we address mechanisms for mechanosensing.
Stresses in the Focal Adhesion Complex
On a still-smaller-length scale, another important stress invariant arises at the level of the focal adhesion (FA). Force transmission between the adherent cell and the extracellular matrix (ECM) is not distributed continuously across the cell membrane but rather is localized to the spot welds called focal adhesions (FAs). The focal adhesion complex is composed of integrins that are attached in the extracellular domain to the ECM and in the cytoplasmic domain to vinculin, talin, α-actinin, paxillin, tensin, and the microfilament terminus (78) (79) (80) . The focal adhesion complex of an adherent cell may play a role analogous to the peg of a puptent; the external tensile distending stress is transmitted through the peg and confers stiffness and shape stability to the tent ( Figure 3) . Similarly, the adherent cell may be dependent upon external distending stresses to maintain its shape stability (81) (82) (83) (84) . Cell stiffness or contractile forces must be considered in the context of the ECM in which they reside. In this connection, there are marked differences between cells grown on two-dimensional (2D) versus three-dimensional (3D) substrates (85, 86) . When grown on a flat 2D surface, cells initially attach to matrix molecules (e.g., collagen, fibronectin) laid down on the substrate but over time develop a matrix of their own that more closely mimics their in vivo environment. During this process, cells first adhere to the substrate through focal complexes that contain a relatively small number of FA proteins [vinculin, paxillin, focal adhesion kinase (FAK)] and that are roughly 1 μm in size (87, 88) . Focal complexes grow into FAs, which serve as a point of attachment between the ECM and the cellular CSK, typically using the α v β 3 integrin. These, in turn, evolve into fibrillar adhesions that exert a tension on the matrix laid down by the cell, giving rise to extracellular remodeling through the exposure of cryptic binding sites in fibronectin, causing it to bundle and strengthen. Given ample time, the substrate takes on the nature of a 3D matrix, at which point the adhesions come to resemble those found in vivo, with a long, thin morphology in which paxillin, fibronectin, and α 5 integrin are 516 FREDBERG KAMM colocalized (85) . This takes time, however-typically days-even in a dense cell culture (85) . By comparison, cells grown either on or inside a 3D matrix in which the fibrous architecture-filament size, density, matrix compliance-from the onset resembles the cell environment in vivo immediately form 3D adhesions. Most prominently, these differences are reflected by cells that adhere more strongly to and migrate more rapidly through 3D matrices than to/on 2D substrates and that take on a different, more elongated morphology. Some of these differences are likely attributable to differences in integrin-mediated signaling. For example, autophosphorylation of FAK is downregulated in 3D relative to 2D systems, whereas phosphorylation of two other FA proteins, paxillin and mitogen-activated protein kinase (MAPK), is unaffected (85) . Throughout this maturation process, various integrins are used, each with its own unique signaling characteristics, and both a compliant substrate and the α 5 β 1 integrin appear to be critical for the formation of typical 3D adhesions (85, 86) .
Contractile Machinery and Cytoskeleton
Airways and blood vessels in the lung are each surrounded by a sheath of smooth muscle (89) (90) (91) . To within an order of magnitude, virtually all muscles, whether striated or smooth, have the same intrinsic maximal stress-generating capacity, which is on the order of 10 5 Pa (9). The individual myosin motor generates forces that are in the pN range.
Virtually all cells attached to a substrate tend to contract. Although this is an obvious function of skeletal, cardiac, or smooth muscle cells, the role of contraction in nonmuscle cells is less clear. Contractility is, however, an important element in cell migration and therefore in the inflammatory response, wound healing, and metastatic disease. It may also play a fundamental role in maintaining cell adhesions in a state of tension, which may be important for signaling via receptors such as integrins, and is also an important determinant of cytoskeletal tension, as discussed further below.
Much of what we know about the forces that cells exert on the surrounding matrix comes from measurements by a method known as traction microscopy. Dembo & Wang (92) were the first to show that the spatial distribution of these tractions can be mapped from measurements of the displacement field created in a flexible substrate on which the cell is adherent. Measurement of the displacement field is accomplished by tracking small beads, typically 0.2 μm in diameter, embedded near the surface of the substrate gel. To mitigate the extreme computational requirements associated with the method of Dembo & Wang, Butler et al. (93) developed Fourier Transform Traction Microscopy (FTTM) (Figure 4) . Although there remains some controversy concerning competing computational approaches (94) , FTTM is equally rigorous and has become widely used (84, (95) (96) (97) . In an alternative approach, elastomer microposts and micropatterned elastic substrates have been used to measure cell tractions (87, 98) . It is important to recognize, however, that all three approaches are performed with the cells spread on a flat surface. Measurements have been made on a variety of cell types, but most often contractile cells are used, including fibroblasts, myocytes (87), or smooth muscle cells (96) . In general, cells exert tractions on the substrate that are consistent with intracellular contraction, that tend to be concentrated at FAs, and that tend to be greatest near the outer perimeter of the cell. Total contractile forces have been measured in the range of ∼20 nN in fibroblasts but as high as ∼70 nN in contracting myocytes (87) . Interestingly, the stress acting at individual FAs is found to be relatively constant, in the range of approximately 5.5 kPa (55 cm H 2 O), and similar for both cell types (87) . This value appears to be invariant, so that as the contractile force exerted by the cell varies, so does the contact area of the FAs and, presumably, the number of integrin receptors involved. The mechanism remains unclear but may include local recruitment of filamin, actin, and talin 1 (99, 100) .
Perhaps of greater relevance to the lung, Stamenovic and coworkers (84, 96) measured the contractile stresses generated within airway smooth muscle cells cultured on a 2D surface and found values ranging up to approximately 2 kPa. Note that this is the computed mean stress acting over the cross section of the cell normal to its primary axis of contraction and is not directly comparable to the values for FA stress given above. Other measures in more realistic external environments or with isolated muscle fibers demonstrate that contractile stress is almost invariant, having a value on the order of 10 5 Pa in all contractile tissues (9) . Differences between this value and the one for smooth muscle cells grown in culture may be attributable to two facts: (a) The CSK in cultured cells is organized more for adhesion than contraction (Figure 3) , and (b) in 2D culture the level of expression of contractile proteins is reduced (101) .
Elastic Similarity
McMahon (9) has suggested a unifying principle of biological design with farreaching implications and remarkable explanatory power. This principle, called elastic similarity, holds that across species spanning a wide range of body mass, M b , the bones and muscles are designed so as to bend by approximately the same amount. Although deceptively simple, from elastic similarity it follows more or less directly that energy metabolism scales as M b 3/4 , respiratory frequency and heart rate as 
CYTOSKELETAL STRUCTURE, STIFFNESS, AND STRESS TRANSMISSION
Although the lung parenchyma ( Figure 2 ) and the CSK (Figure 3 ) are superficially distinct in structure and widely disparate in scale, they share a deep similarity in the mechanism that confers stability of shape. Ordinary solid materials retain a defined shape in the absence of a distending stress, but not so for pressuresupported structures such as the lung, which would collapse, or the adherent cell, which would round up. Shape stability of both the lung and the adherent cell is determined mainly by their respective distending stresses.
Understanding of the distending stress as the main source of shape stability began approximately 30 years ago, when one of the major conceptual problems in respiratory mechanics was parenchyma resistance to distortion of shape. This 519 problem is of great physiological and pathophsyiological importance because, besides the transpulmonary pressure itself, it is the resistance of the lung parenchyma to shear distortion that is the preeminent factor acting to maintain the patency of intrapulmonary airways, intrapulmonary blood vessels, and individual alveoli. Each of these structures has a natural tendency to collapse, but shear distortion of the surrounding parenchyma creates restoring stresses that act to oppose that collapse (10) (11) (12) (13) (14) 102) . Importantly, this elastic interdependence creates restoring stresses that are proportional to P L and comparable in magnitude. The question was, why?
Shape Stability of Stress-Supported Structures
The measure of resistance to shape distortion of a material is the shear modulus (shear stiffness), but early predictions of the shear modulus for lung parenchyma far exceeded observed values (3, 103, 104) ; given the amounts of its constituents and their material properties, the lung seemed to be far floppier than it reasonably ought to have been. Perhaps more importantly, these initial theories also failed to explain the central organizing feature of lung tissue mechanical behavior, namely that its shear stiffness increases in direct proportion to inflating pressure; the shear modulus of the lung is simply 0.7 P L (14) . On a much smaller scale, an entirely parallel relationship was subsequently shown to hold between the shear stiffness of the CSK and its distending stress (82-84, 96, 105-109) .
Kimmell, Kamm, & Shapiro (11) first identified, and Kimmel & Budiansky (12, 110) and Stamenovic (3) later elaborated upon and generalized, the physical basis of such behavior. As applied either to the lung parenchyma or to the CSK, earlier theories had made the traditional assumption that as one proceeds to smaller and smaller scales, the microscale strain of structural members faithfully follows the local macroscale strain of the matrix or network; this condition is called affine deformation. The approach introduced by Kimmel et al. relaxed that assumption and instead considered the discrete nature of stress-bearing members at the microscale and the nature of their connectedness. It is the limited nature of this connectedness that turned out to be the radical feature. Kimmel and coworkers showed that depending on that connectedness, the structural matrix composed of discrete stress-bearing members resists shape distortion not so much by resistance to elongation in those microstructural members, as it must in an affine continuum, but more so by reorientation of those members. When placed under load, the structural elements move relative to one another in a nonaffine manner, changing their orientation and spacing until a new equilibrium configuration is attained. Importantly, the bigger the initial tension carried by those elements, i.e., the bigger the prestress 2 (the inflating pressure in the case of the lung and tractions in the case of the adherent cell, as described below), the smaller the deformation that the structure must undergo before attaining a new equilibrium configuration. As the prestress increases, therefore, the resistance to a change of shape increases in proportion. Indeed, in such structures the macroscopic shear stiffness can remain finite and small even as the stiffness of microstructural members becomes infinitely large.
This line of thinking explained why the material shear stiffness of lung parenchyma is much smaller than earlier theories had predicted and at the same time revealed why the shear stiffness must increase in direct proportion to the distending stress. The same physics applies at the level of the CSK, where this idea subsumed the controversial tensegrity hypothesis of cell mechanics (111) (112) (113) , generalized it, and put it on firm theoretical and experimental footing (82-84, 96, 105, 106, 108, 114-117) .
A complementary perspective to CSK mechanics derives from the mechanics of polymer solutions or gels (118) (119) (120) (121) (122) . Each filament in the matrix is treated as a semiflexible biopolymer and is characterized by its bending stiffness as influenced by thermal fluctuations. As with the earlier models, when no initial stress is imposed, as that by external tractions, the theory cannot account for the observed stiffness of the CSK. When an initial stress or strain is imposed, however, these gels progressively stiffen as the fluctuations in individual filaments are pulled out and the polymer chains lose configurational entropy. In both the tensegrity and biopolymer theories, two features are critical: the finite initial prestress imposed by the combined effects of internal contraction and external tethering, and the nonaffine nature of the deformations at the microscale.
Once one understands behavior at the microscale and derives values for macroscopic parameters such as the shear modulus, a continuum approach can once again be adopted to analyze cellular stress and deformation, but all information about strain in individual microstructural elements is then lost (82, 84, 106, 120, 123) .
Stress Transmission Pathways Within the Cytoskeleton
What is the pathway of stress transmission within the CSK? To address this question, Hu et al. (124) developed intracellular stress tomography. They coupled a ferromagnetic microbead bound tightly to the CSK via integrins and FA plaques ( Figure 5, pink arrow) . Next they applied a sinusoidal magnetic field, causing a cyclic mechanical torque on the bead and resulting oscillatory distortions of the CSK (in the range of 5-300 nm). They then created images of the synchronous displacements of specific cytoskeletal structures. If elastic moduli of the CSK were homogeneous and isotropic, then the corresponding map of displacement gradients would represent intracellular stress. However, because that assumption is unlikely to be accurate, these maps can only be thought of as a rough approximation to the intracellular stress distribution, although they are no less interesting. If anything, they probably underestimate the degree of stress heterogeneity because the CSK is likely to be both denser and have a higher concentration of stress fibers in the vicinity of FAs. These maps show that in the living adherent cell, the distribution of mechanical strain is punctate and transmitted over long distances through the cytoplasm. They also show convergence of strain fields at the intracellular domain of the FA plaque. 
Stress Transmission To and Through the Nucleus
Maniotis et al. (125) showed that when integrins are pulled by micromanipulating bound microbeads, cytoskeletal filaments transmit stresses to the cell nucleus and cause nucleoli redistribution. Using the stress tomography method described above, Hu et al. (126) mapped the displacements of the nucleolus, an intranuclear organelle crucial for ribosomal RNA synthesis. Using micropipette aspiration and atomic force microscopy indentation of isolated nuclei, Dahl et al. (127) showed that rheology of the nucleus exhibits power law rheology and implies an infinite spectrum of timescales for structural reorganization; they speculated that this behavior may have fundamental implications for regulating genome expression kinetics. As described below, power law behaviors seem to be a pervasive feature of cytoskeletal dynamics.
SCALE-FREE BEHAVIOR, CYTOSKELETON REMODELING, AND GLASSY DYNAMICS
Recently there has been established a striking analogy in which the CSK of the adherent cell is seen to adjust its mechanical properties and modulate its malleability in much the same way that a glassblower fashions a work of glass (67, 68, 128, 129) . However, instead of changing temperature, the cell changes a temperaturelike property that has much the same effect.
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FREDBERG KAMM Fabry et al. (67, 68) first suggested that the CSK may behave as a glassy material. They measured stiffness and friction in a variety of cell types in culture, including the human airway smooth muscle cell. Fabry et al.'s reports contained two surprising results. First, they had set out to identify distinct internal timescales (i.e., molecular relaxation times or time constants) that might reflect molecular dynamics of proteins integrated within the CSK lattice, and in particular they had expected to find relaxation timescales corresponding to myosin-actin cycling rates. Surprisingly, over a spectrum spanning five decades of frequency, f, and in all five of the cell types investigated, they found no characteristic timescales. Rather, stiffness increased as f x−1 , implying that relaxation times were distributed as a power law, with a great many relaxation processes contributing when the frequency of the imposed deformation was small but fewer as the frequency was increased and slower processes became progressively frozen out of the response. Thus, no distinct internal timescale could typify protein-protein interactions; all timescales were present simultaneously but distributed very broadly. Because no distinct timescales characterize the response, behavior of this kind is called scalefree. Using other techniques and differing cell types, others have confirmed that CSK dynamics are scale-free (130-134).
Fabry et al.'s second surprise was the discovery of an unexpected relationship among changes in cell mechanics that arise when CSK constituents are modulated. In the living cell, rheology of the CSK matrix is influenced by many structural proteins and their interactions. Despite this complexity, if stiffness or friction data are appropriately scaled and then plotted versus x (which is readily determined from the power law exponent of stiffness versus frequency), all data collapse onto the very same relationship (Figure 6 ) regardless of the cell type studied, the signal transduction pathway activated, or the particular molecule manipulated (67, 135) .
Purely as a matter of phenomenology, the observations described above firmly establish that the parameter x determines where the CSK sits along a continuous spectrum of solid-like versus fluid-like states (68); in the limit that x approaches 1, the behavior approaches that of a Hookean elastic solid, and in the limit that x approaches 2, the behavior approaches that of a Newtonian viscous fluid. Values of x for adherent living cells fall in the range of 1.1 to 1.3, placing them closer to the solid than the fluid state ( Figure 6 ). Moreover, the parameter x was subsequently found to bring together into one phenomenological picture not only cytoskeletal stiffness and friction but also remodeling (128, 129) . Moreover, there is a direct relationship between the effective temperature x and the structural damping coefficient η; η = tan((x-1)π/2), and when x is close to 1, x is approximately 1 + η.
With regard to mechanism, classical theories of viscoelasticity and equilibrium systems fail to account for these observations (128) , and the physical significance of the parameter x remains elusive. The working hypothesis holds that the CSK behaves as glassy system and that the parameter x, which is easily measured, corresponds to the effective temperature of the CSK lattice (67, 128, 129, 
135-137).
In that case the system is regarded as being frozen when x is close to 1 and melted when x is close to 2. Although the underlying physics remains poorly understood, strong experimental support for x as an effective temperature of the cytoskeletal lattice has recently been reported (128, 129) . In a recent publication, this analogy has been supported by a broader range of biophysical observations (128, 129) .
To explain these findings, Bursac et al. (128) have suggested the following physical picture. They imagine trapping of a CSK structural protein or protein complex in a deep energy well, i.e., a well so deep that thermal collisions are insufficient to drive it out of the well (67, 68, 128, 129, 135, 138) . If thermal forces are insufficient, then hopping out of the well is imagined to be driven by nonthermal energies that are much larger than k B T (where k B is Boltzmann's constant and T is thermodynamic temperature) but can be expressed nonetheless as an "effective temperature" of the CSK matrix. Formally, the term "temperature" means molecular motion; temperature carries with it the connotation of molecular collisions and resulting agitation caused by ongoing molecular bombardments of thermal origin. Here the term "effective temperature" is meant to carry with it a similar connotation of molecular agitation caused, however, by processes that may be of nonthermal origin. A protein conformational change fueled by ATP hydrolysis, for example, releases energy that is greater than thermal energy by 25-fold (139) and does so at the rate of more than 10 4 events per second per cubic micron of cytoplasm (138) . Accordingly, such events would have the potential to jostle a neighboring structure rather substantially and dislodge it from a relatively deep energy well.
Physical interactions that lead to trapping may include molecular crowding, hydrogen bonding, or weak cross-linking (140) (141) (142) (143) (144) . With regard to molecular crowding, the volume fraction of macromolecules within the cell approaches the maximum packing fraction that is possible; the mean distance between macromolecules is only 2 nm (145). The molecular space within a cell is so crowded, in fact, that crowding can change binding affinities between specific proteins by orders of magnitude (142, 144, 146, 147) . If trapping is due to nonspecific mechanisms such as molecular crowding or hydrophobic interactions, then the specific properties of cross-linking molecules may be of only secondary importance. But if trapping has its origins in cross-linking of CSK filaments, then the density and the specific type of cross-links and CSK filaments, as well as the dynamics of their specific interactions, may be crucial (120) . Many of the cytoskeletal modulations used to date alter both macromolecular packing and the dynamics of cross-linked filament networks (148) , and thus they cannot determine which of the two interactions may play a dominant role. Regardless of the particular interaction, trapping is hypothesized to arise owing to the insufficiency of thermal energy to drive CSK structural rearrangements (140) . The collapse of data onto master curves ( Figure 6 ) suggests that specific molecular interactions influence CSK stiffness and friction, but only to the extent that these interactions can modify the effective temperature.
Is the Effective Temperature Set by the Distending Stress?
Recently reported data from mechanical measurements of cultured cells show that stiffness of the cytoskeletal matrix is determined by the extent of distending stress borne by the CSK, where distending stress can be changed either by modulating the contractile state of the cell or by mechanical stretch (82-84, 96, 105, 106, 108, 114-117, 149) . At the same time, rheological measurements show that cytoskeletal stiffness changes with frequency of imposed mechanical loading according to a power law (150) . Stamenovic et al. (150) and Trepat et al. (149) examined the possibility that these two empirical observations might be interrelated. Their findings revealed that the transition between solid-like and liquid-like states of the CSK, and the effective temperature that describes that transition, seemed to be controlled by cytoskeletal distending stress. They took this result to imply that the depth of the energy wells described above must increase as cytoskeletal tension increases. A similar behavior was subsequently reported in tensed crosslinked actin gels (120) , and an alternate explanation derived from the theory of semiflexible biopolymers has been proposed (123) .
SENSATION OF FORCE: MECHANOSENSING
That cells sense and respond to externally applied or internally generated stresses is now widely recognized as an essential feature of cell function. Endothelial cells, for example, respond to hemodynamic shear stresses as low as 1 Pa through activation of Src, FAK, and MAPKs. Signals are often mediated by the α v β 3 and α 5 β 1 integrins (151) and involve the small Rho GTPases. Consequences of stimulation are many and varied but include intracellular reorganization, changes in protein expression, and the regulation of proteins involved in extracellular remodeling. Many of these same effects can be observed in endothelial cells subjected to mechanical strain, so the response to stress may be relatively independent of the manner in which force is applied.
Candidates for the transducer that converts mechanical force into a biochemical signal include mechosensitive ion channels whose conductivity changes in response to stresses in the cell membrane (152, 153) , as well as other force-induced changes in protein conformation that may alter either binding affinity or kinase activity of proteins subjected to force. Mechanosensitive ion channels presumably change their conductance either as a result of stresses within the cell membrane or as a consequence of forces transmitted directly to the channel protein(s) via membrane-associated proteins. An example of the latter is found in hair cells of the inner ear, in which forces are transmitted from the tip of one stereocilium to a channel on the side of a neighboring one via a thin connecting filament, the tip link. As the collection of stereocilia is displaced by vibrations in the cochlear fluid, forces in the tip link are transmitted to the channel, causing it to change its conductance. In other mechanosensitive channels, such as the mechanosensitive channel of large conductance, it is thought that membrane tension itself directly mediates channel opening. Support for this mechanism comes from molecular dynamic simulation, although the simulated changes in pore dimension still appear insufficient to explain the entire process of channel activation (154, 155) .
In the lung, current evidence points to a role for ion pumps in the activation of alveolar epithelial cells by stretch (153) . Through the use of epithelial cells grown on a flexible substrate to simulate the cyclic stretch that these cells experience during normal or assisted breathing, Na + pump activity was found to increase in proportion to the magnitude of stretching (153) . This may be a beneficial response to increases in epithelial layer permeability associated with damage to the alveolar wall from overdistention (156, 157) . Interestingly, cells cultured for five days, sufficient time to lay down a matrix of their own, responded only when the levels of substrate stretch were very high, corresponding to an approximately 37% increase in surface area (153) . Although these levels of strain may seem high, direct measurement of changes in epithelial basement membrane area can be as high as 40% (corresponding to a linear strain of 18%) when lung volume increases from 24% TLC to 100% TLC (158) . Cells subjected to noncyclic, steady stretch showed no increase in pump activity, suggesting that the cells can accommodate to static changes in area, but not to cyclic ones.
Other studies have examined the role of increased production of reactive oxygen species in ventilator-induced lung injury (159) , which in turn can lead to increased production of inflammatory cytokines (160) and increased neutrophil sequestration (161) . Again, cyclic stretch, this time a 15-30% biaxial strain (32-69% increase in surface area) was used, and such large strains may contribute to either cell detachment or loss of cell viability. Although the underlying mechanism causing the change in the production of reactive oxygen species remains unclear, it may involve the possible role of changes in mitochondrial shape or size (159) , as may occur in endothelial cells (162, 163) .
Much of the stress-induced signaling originates in FAs, and these are also the sites at which forces tend to be focused (77, 124) . Thus, many have speculated that FAs represent also the location of mechanosensation, the biological process that transduces a mechanical force into a biochemical signal. It is hardly surprising that some of the same conformational changes that occur as a result of ligandreceptor binding, for example, may be brought about by forces transmitted by these same proteins, especially those in the FA complex. That such conformational changes typically lead to nanometer-scale domain movements under forces on the order of 10 pN lends indirect support for this concept. Corresponding energies for such deformations are then in the range of 10 pN
. nm, or a few multiples of the thermal energy, k B T-large enough to avoid frequent, unintended thermal activation but low enough so that levels of force typical of those transmitted through an FA are sufficient to cause activation. Compare this to estimates that each integrin in a mature FA under normal cell tension experiences a force of at least 1 pN (87), given the assumption that the integrins are close-packed. In separate experiments, it has been demonstrated that forces as small as 2 pN can break bonds in an initial contact (164) , thought to be a bond between talin-1 and actin filaments, whereas subsequent strengthening under force, presumably by the recruitment of vinculin, can increase bond strengths to more than 60 pN. Proteins such as titin unfold or denature with forces in the range of tens to several hunded pN, depending on the rate of increase in force, and many important molecular bonds (e.g., biotinstreptavidin) rupture at forces in the range of 100 pN (reviewed in Reference 165) . Therefore, the range of force between 1-100 pN and energies of 10-100 pN
. nm are likely crucial in the control of cellular processes by mechanical force.
Experimental evidence for the role of conformational change in mechanosensing is gradually accumulating. In one set of experiments, Sawada & Sheetz (166) grew cells on a flexible substrate and then incubated them in a detergent to remove the cell membranes and thereby eliminate any potential influence of membrane ion channels. Then, comparing the proteins that bound to these exposed CSKs with the substrate stretched or relaxed, they found significant differences, notably that FAK, paxillin, and p130Cas (166) preferentially bound to the stretched substrate. In a separate set of experiments, Src activation was imaged directly and locally as force was applied to a cell through a tethered bead with an optical trap (167) . The response was immediate and generally localized to the FAs experiencing force. Interestingly, the researchers observed a wave of Src activation emanating from the site of force application, propagating at a speed of approximately 18 nm s −1 . Although these experiments are not capable of identifying the mechanism that initiates the signal, they do demonstrate that the signaling is immediate, is initiated in the regions of high force, and can be propagated to other regions within the cell.
More direct experimental and computational evidence, through the use of molecular dynamics, demonstrates that force application can expose cryptic binding sites, for example in fibronectin (168) , leading to bundling of this ECM protein. Similar cryptic binding sites have been identified in several intracellular proteinsvinculin (169), α-actinin (170), and potentially talin (171, 172) -all present in a FA. Although not compelling, this at least suggests that similar phenomena may occur intracellularly, leading either to mechanical reinforcement or the initiation of a signaling cascade.
Cytoskeletal changes can also occur rapidly and may be locally mediated. Experiments on human neutrophils subjected to elongation in narrow channels comparable in size to the pulmonary capillaries exhibit a rapid (within seconds) and significant (by a factor of two) reduction in shear modulus (173) . This drop in modulus can be reversed on a timescale of less than one minute. Such deformations give rise to numerous changes, such as increased calcium ion concentration and increased expression of two adhesion receptors, CD18 and CD11b (174) , but the change in modulus appears to be linked to a transient reduction in polymerized actin (175) . These experiments highlight the dynamic nature of force-induced changes in cell structure and also point to the limitations of assuming that the cell can be treated, even on relatively short timescales, as an inert material with constant properties.
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FREDBERG KAMM Changes in protein conformation or modulation of channel conductivity are not the only mechanisms by which a cell transduces stress. Recent studies demonstrate that as the transepithelial pressure rises-as during airway constriction, when epithelial folds push the opposing epithelial surfaces against one another-the resulting stresses cause the spaces between neighboring cells to shrink, squeezing out some of the intracellular fluid and bringing the lateral cell membranes into closer proximity. One consequence of this reduction in the lateral intercellular space is that the concentration of ligands shed from the lateral membrane, specifically heparin-binding epidermal growth factor, increases owing to the diminished width of the pathway for diffusion out of the lateral intercellular space, leading to enhanced activation of the EGF receptor (176). This then initiates a signaling cascade characterized by increased phosphorylation of the MAPK ERK1/2 within 15 minutes, and longer-term upregulation of early growth response-1 and transforming growth factor-β (177). These upregulated proteins also stimulate fibroblasts in close proximity to increase their collagen production (178), contributing to airway wall remodeling, one of the hallmarks of asthma.
Remodeling also occurs in the pulmonary vasculature. Vascular endothelial cells respond to stress in two stages. In the early stage, elevated shear stress due to increased blood flow, potentially in combination with other factors such as hypoxia, is thought to initiate a process that leads to vasoconstriction and possibly proliferation of vascular wall cells (179) . This consequently leads to elevated resistance to blood flow and increased pulmonary arterial pressure, initiating the second stage. Increased hoop stress associated with higher arterial pressure (a) stimulates the endothelium to initiate a process that leads to increased levels of collagen synthesis (180) and (b) influences release, from the endothelium, of factors that ultimately produce smooth muscle hypertrophy and adventitial thickening. These processes cause the observed arterial wall remodeling (181) . Thus, the process of arterial wall remodeling appears to be influenced strongly by the forces experienced by the pulmonary arteries, an effect that is predominantly mediated by the arterial endothelium.
THE MOLECULAR BASIS FOR LUNG MECHANICS
Whether we consider the extracellular matrix, whose structural integrity is primarily conferred by the collagen and elastin fibers, or the matrix of resident cells, whose stiffness is derived from the CSK of actin microfilaments, intermediate filaments, and microtubules, a full understanding of mechanical stiffness requires a look at the individual molecular constituents. In addition, as we discuss above, most of the fundamental mechanisms by which cells sense and respond to mechanical stimulus occur at the level of single molecules, such as those that comprise the FA complex.
In principle, all macroscopic elastic and frictional properties of cells or tissues can be derived from knowledge of single-molecule mechanics and the manner in which the constituent molecules assemble into a 3D matrix. In practice, we are far from achieving that goal but have begun to take some important steps. Here we use, as an example, the microfilament matrix of the CSK to show how, once we attain a molecularly based appreciation of the structures, we can use this foundation to expand our understanding of critical mechanical properties.
Two evolving technologies form the basis for this approach: molecular dynamics simulation and experimental measurements on single molecules. Nearly a decade ago, the first measurements of the elasticity of a single protein were made using an atomic force microscope (AFM) tip (182) or a bead in an optical trap (183) functionalized so that it bound to the molecule of interest. One of the earliest proteins studied was titin, which was thought to be responsible for much of the elastic character of passive or relaxed skeletal and cardiac muscle. Through these initial and subsequent investigations, investigators revealed that titin consists of three elastic regions called the PEVK (rich in proline, glutamate, valine, lysine) domains, fibronectin type III domains, and the immunoglobulin (Ig)-like β-barrel domains. The first two of these behave as entropic springs (their resistance to stretch is due to a loss of configurational entropy), and the third, which is initially entropic in nature, exhibits a sawtooth pattern of force plotted against extension if stretched excessively ( Figure 7A ) (182) . Each peak in the sawtooth pattern corresponds to the point at which one of the Ig domains reaches its limit, at approximately 250 pN with a pulling rate of 1 μm s −1 , and unfolds to an extended configuration, as depicted for a fibronectin domain in Figure 7B (194) . In this manner, and owing to the stochastic nature of domain unfolding, a collection of titin (or fibronectin) molecules arranged in parallel, as in a sarcomere of skeletal muscle, would exhibit a constant force resisting pulling, while lengthening many times the initial length of the individual folded domains. As it turns out, domain unfolding is not thought to occur frequently in muscle under normal physiological conditions (185) , but the same behavior has been discovered in several other structural proteins, notably spectrin (186), known for its role in the cortex of a red blood cell, and filamin A (187), one of the primary actin cross-linking agents in the CSK. Molecular dynamics simulations of a single Ig domain subsequently revealed the rich detail of behavior that occurs during unfolding and refolding as well as subtle differences between variations of the domain (188) . One drawback of steered molecular dynamics (SMD), however, is that it is currently possible to simulate only a very short time period, on the order of 1 ns, so the forces needed to cause unfolding are orders of magnitude higher (∼2000 pN) than those observed in the corresponding experiments.
In the case of filamin A (previously known as ABP-280), the molecular structure is particularly interesting and may be an essential element in cytoskeletal stiffness. Filamin A is a homodimer that is joined at its subunits' C-terminal domains and that binds with actin, at the end of an extended rod region comprised largely of Ig domains similar to those in titin, to an N-terminal domain. Because of the conformation of the protein and the nature of its binding to actin, filamin A tends to form an isotropic matrix, especially in fibroblasts and macrophages, with actin filaments crossing at nearly right angles. Another important feature of filamin A 
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is a flexible hinge domain located about halfway along each of the two "legs" of the dimer.
Experimental measurements on single filamin A proteins exhibit the same sawtooth force-displacement character found initially with titin ( Figure 7A) , with domain unfolding occurring at a force in the range of 50-220 pN depending on the rate of pulling (189) . Because these domains can reversibly refold when the force is relaxed, this unfolding/refolding process constitutes a means by which two cross-linked actin filaments can slide some distance relative to each other, yet remain bound so that they can spring back to their original position when the force is released. The role of the hinged domain has not yet been elucidated, but it, too, likely contributes to the unique characteristics of CSK elasticity.
Coupled with knowledge of the protein structure, these experimental results can provide enormous insight into the molecular basis for elastic behavior. Although a high-resolution structure of the entire filamin A (which can be obtained either by X-ray crystallography or NMR spectroscopy) has not yet been published, we do know the structure of some of the individual Ig domains (190) and can use the method of SMD to simulate the unfolding process. This has been done for titin (184) , fibronectin (194) , and spectrin (191) , but not yet for filamin, thus allowing for the identification of the individual molecular bonds that essentially provide the glue holding the protein together and that ultimately rupture, allowing the domain to unfold. SMD has also been used to demonstrate that forces can expose cryptic, or inaccessible, binding sites, leading, in the case of fibronectin for example, to filament bundling and strengthening of the fibronectin matrix as a direct consequence of applied stress. These experimental results also provide insight into the molecular basis for frictional behavior and the structural damping law; a sawtooth force extension curve ( Figure 7A ) implies that energy dissipated upon rupture is tightly coupled to the elastic strain energy stored prior to rupture (61) .
CONCLUDING PERSPECTIVE
With knowledge of the elastic character of each of the constituent proteins, one can now envision constructing a model that incorporates both the elastic properties of the individual proteins (e.g., actin and its cross-linker, filamin A) and their geometrical arrangements. In cross-linked actin gels, for example, actin filaments behave as a collection of entropic springs at low cross-link densities, but their enthalpic or mechanical stiffness (e.g., bending and extensional stiffness) becomes increasingly important with increased cross-linking and filament bundling into stress fibers. As with filamin A, actin filament elasticity is determined by the protein conformation and intermolecular bonds, giving rise to an effective elastic modulus of approximately 1.8 GPa (192) . Microstructural models that incorporate these characteristics, not simply those of the CSK but also those of the extracellular matrix, are just now beginning to be developed (120) , but this field will certainly grow along with our knowledge of molecular structure and our computational 532 FREDBERG KAMM capacity for molecular dynamics simulation. Similarly, molecular-level models for protein conformational change and the consequent changes in binding affinity or kinase activity will soon be developed.
In this review we have emphasized the pathway for force transmission from organ to molecule and shown evidence to suggest that even at the smallest scales, physical forces serve to distend the CSK, drive cytoskeletal remodeling, expose cryptic binding domains, and ultimately modulate reaction rates and gene expression. Evidence has now accumulated suggesting that multiscale phenomena span these scales and govern integrative lung behavior, but it is important to recognize that a sequence of reductionist models, each at a different scale and piled one upon the next, does not necessarily add up to a multiscale model or a multiscale phenomenon. Multiscale phenomena are those that intrinsically span scales; prime examples are symmorphosis, elastic similarity, structural damping, Murray's law, and glassy dynamics. Each of these represents an integrative biological phenomenon whose molecular basis remains largely unknown.
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